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RESEARCH ON DAMAGE DETECTION OF INDUSTRIAL
ROBOT REDUCERS BASED ON PRINCIPAL COMPONENT
ANALYSIS OF ACOUSTIC EMISSION SIGNALS

ABSTRACT

Industrial robots, as the core equipment of modern production, are
seeing an ever-increasing scale of application and play an irreplaceable role
in enhancing production efficiency and expanding production scale. The
operational state of the transmission system directly affects the precision of
product production. However, the reducers within the transmission system,
operating under high load and low speed for prolonged periods, inevitably
suffer from fatigue wear of their internal metal structures. This type of
damage is characterized by its progressive and cumulative nature; the
continuous accumulation of minor early damages may lead to sudden crack
damages inside the reducer, not only affecting the production quality of the
products but also potentially causing irreparable personal injuries to on-site
operators in severe cases. Therefore, conducting research on damage
identification methods for industrial robot reducers is of significant
theoretical value and importance for ensuring the long-term safe and stable
operation of the equipment. Among non-destructive testing methods,
acoustic emission testing technology has garnered attention due to its wide
applicability to materials and advantages in real-time dynamic detection.
Compared to traditional vibration detection and ultrasonic testing methods,
acoustic emission technology is not limited by the geometric structure of
the tested object and can achieve real-time monitoring of complex
mechanical structures, providing a new technical method for damage

identification in industrial robots. Based on this, this study focuses on the
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reducer of industrial robots as the research object, emphasizing the research
on damage identification methods based on acoustic emission signals,
aiming to improve the accuracy of damage identification and effectively
prevent production accidents. The main research contents of this paper are
as follows:

(1) The paper begins with a detailed introduction to acoustic emission
technology, systematically elaborating on the fundamental principles of the
acoustic emission phenomenon, the concept of acoustic emission
technology, and specific signal analysis methods. Starting from the
generation mechanism of AE signals, it introduces the mechanisms by
which materials produce acoustic emission phenomena at both microscopic
and macroscopic levels. Subsequently, it presents the commonly used
feature parameter analysis and waveform analysis methods in acoustic
emission detection, which are capable of extracting richer signal
characteristics from the acoustic emission signals.

(2) A novel damage identification method for reducer planetary gears
based on principal component analysis (PCA) combined with Mahalanobis
Distance (MD) using acoustic emission (AE) signals is proposed. Initially,
13 characteristic parameters of the AE signals are extracted. According to
the criterion that the cumulative contribution rate exceeds 95%, it is
determined that the first two principal components of PCA can effectively
represent the main characteristic information of the AE signals. This not
only eliminates redundant information in the signals but also reduces the
original characteristic parameter matrix from 13 dimensions to 2
dimensions, thereby decreasing the complexity of data processing.
Subsequently, MD is introduced to assess the state of the reducer's
planetary gears, with 1.5 established as the discriminant threshold for the
healthy state of the planetary gears. The results demonstrate that the
Mahalanobis Distance between the AE signals of damaged planetary gears
and normal signals reaches 79.57, significantly higher than the set

discriminant threshold. This notable difference fully wvalidates the
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effectiveness of the proposed method.

(3) To address the issue of noise interference in AE signals, a novel
AE signal reconstruction method based on the Ivy Optimization Algorithm
(IVYA) optimized Variational Mode Decomposition (VMD) is proposed.
This method employs the minimum envelope entropy of the AE signal as
the optimization fitness function and adaptively optimizes the two
parameters of VMD, including the optimal decomposition number K and
the penalty factor, through the IVYA algorithm. On this basis, the
maximum correlation coefficient method is used to reconstruct the AE
signal waveform, effectively solving problems such as over-decomposition,
under-decomposition, frequency band loss, and modal redundancy that
exist in traditional VMD methods. To verify the effectiveness of the
proposed method, 13 characteristic parameters of the reconstructed AE
signals are first extracted, and their identification effects in the PCA-MD
model are analyzed. The results show that the Mahalanobis Distance (MD)
of the reducer's normal state stabilizes around 0.9, improving the
identification accuracy of MD. Then, by comparing and analyzing the
recognition accuracy of different feature vectors of AE signals in the
Support Vector Machine (SVM) model, the optimal combination of feature
parameters for damage identification of the reducer's planetary gears is
determined, effectively reducing the amount of feature parameters used
while ensuring recognition effectiveness. Experimental results demonstrate
that the recognition effectiveness of the AE signal feature vectors
reconstructed by the IVYA-VMD method in the SVM model is
significantly improved, with the recognition accuracy of the optimal model

reaching 97.92%, fully proving the superiority of the proposed method.

Qiao Shuai (Electronic information)

Supervised by Li Ming

KEY WORDS: Acoustic emission testing, Industrial robot reducer,

Damage detection, Principal Component Analysis, Mahalanobis Distance
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RIFESs, B P CASEELA R M R A7k LA RCR a3 A, AT AR A8 75 R S
RIS Sy — Pl AR T AN U i, M AE > AL U 152 172 BB,

1.4 B X FEAT AL

W 1 XA AE RS DAL N B0 0 73R AN 75 A St
BRI R JE-AT R IR -

52 TEHANA T A RS TR (Acoustic emission, AE) , RGMIEIR T K
SYELR AR B L P RS BOR B L BARME 5 07k A AE 15 5197
ANV, AT MORME SO0 TH AN 25 002 T 7= AR 75 R S B L . B S
VEARA A 1 R RGN o 8 P (VR R 2 BORT P RORs 8 (K0 B e M D ik, 3R 28T 1%
RENS SR PR 5 5 T B R W IS S 4FAE, 9 AE {5 5 HITR AIIE 7T 5858 I 5K () 2k
fitti o

3R T PR T R R IHE 5 PCA-MD U HUAT B e HHR 72
R TR A RARTTIRA, B0E 1T R BEE A RCR AL A A E S )
FERLER, W TR EIIRER, BERR 7 BB E R,
[FI SR T 145 50 B i R ARG . #RYE 5 RFR S (Mahalanobis distance, MD)
FIWTAR, K 1.5 B AIWAT R BOR S A SEHE B E . AR 2208 5 S B0 IE
BT BN AEE S 51IEW AEF 52 MM S REEER 1 79.57, X—&F
ZESRURAE 1 AW T IR A AT

5 4 TR MG VA G B L R A, AR T AR T R IR A
(Ivy algorithm, IVYA) LAt A8 73 8545 73 % (Variational mode decomposition, VMD)
I A SHE 5 A T AR AH ¢ REON AE (5 5847 H A, #ERf B3R B (5 5



GRUTRRE R 2L 2 A

RSy o JEIEXT . AR (S5 ARIRHE M EIE SVM R AR AR 2,
E T IGENUAT BB IHR N R IR RHE S A & - 456 EWATIE AE (55 IHRHIE
[l EE7E SVM. AR RN VR Aff 30 B 40 e 1 e RS ZRY (1) R HERF 26 R 97.92%
G, A ST S A5 R AR AR 7T AT R B
ARSI BB E AN 1-3 PR .

TolHLAS A
TR HHR
|
i !
RPN % 17 B 1
5 A PR
l
I PURFFESE | | IVYA-VMD
HSAS AL | | SR ?
L__T__J £ A T BT
|
FRIEBL R FEAE R RT3 —
TR EE R Eﬁa @%m', ._ﬁiﬂﬁ?%
1 Ei=]
| orEs |
1
R % 17 2
AR R
%

Kl 1-3 FiREgEZ A
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E2E FRHEARHER

N T SEBURGEN AT Bk Fe e A IR TR, T B R A A HaE N
PESR RN EI AR o 78 RS EARAE N — M SE BE R Sh A e N 5, DR R Rk
565 P i PE BB« ARG D A TR 0 i i A AR St M 70, (o LA A 4
TG HRRSIEAT 2] 1 T2 B AT TR R . AR RGN A KR
RIEEAR LA 5 N T i o 16 50 IR 7 R S B R R S A 2 B ELAS I S B, A
BRI R 78 F R RO B B . R, BORNF R, TRAHIRIR
HAE WA ORI h R R 5, AR RCR AU = RIBUE . X R AR S5 H HE B
PECL R SEI ShA MR 1. Bm, IRANIRWT AR BHME SRR %, MaRfE SR
. RHESEHG. BIRBI SR EOR, AT R RN BRI HLAT 2 e R ik
TGRSR AL RS2 (1 AR SCHE AT SR 3

2.1 ERSTRARKEIHE R
2.1.1 BEEREMEK

PRI IR AL H AL T B A AE RS, U B R AR AT I = L e A 59K 1]
HIDEE . RIZURRIE A 45, IR AR R P AR AR E 5. $sEl, R
FEF RS BE A IR Ut I 22 A, TARESC R st e B 1 JEad Wy i ) W e 4 s AR
SMALIWTTE, TR GBI A GHIE Wr Bt 83 AT I (10 57 75 i R B e o
SR, IXFPTIRATAE M R R PR o K 2 BB R 2 el /N2 0 (it SR BT &
B AR TPARPRE U N AR AR LSS, A IS B AR AR T N H R
VL, A2 B SR BRI B 5 R A R AT AR DA

FORSH BB FEAR AR A £ 52 77 i R v PR N B 45 A4 AR A 1T AR TN A2 FE
I LA N A A AMERR R . P AR I e R I Rl s A s 5, %
MR AE BEAT B TEAA I o T3 — Ji P O b R () P R A I AR A
R R ESME LSS, RENE SERT i Pe a5 Wi i sh S DA I A2 . x5z
B A Sy e A B R, FLR I A BN A R o X3 e A AR O B AR T BB ST
R, MRS AR SRR o IX BRI (5 5 s R BUE AR i3k e, @il
B s 5 B SRFAE AR AR, ANBURT BAPPAt R B (10 7™ EERE 34 8 1R il SR B 1)
RASRNESR o 75 RS DL GO8 H F T AR R B 015 AS U R 45 ) i e I e, 3 i



LRUTARE R 22 A S

ST R GHE S RIRr S A S E, AT DL AR B S5 4 Y SR B FE . ar. JE T i
PRI, S I I TR R0 T 1 e
2.12 BEERHHEAK

PR (Acoustic emission, AE) AE3EMRHE /il X 35 A PR fig B B idoRs jis i
AR A AR B Ay — R TC AT I 5 i, P S AR 3 0ok R R B B P U
185 BEAT I B o SR A AT 7 W 8545 5 AL BE TV, R EBCHS REfE S At Bt
WA RVFRHEAS B o EHEAT R AR B B rh,  ARHPR 45347 TR T BE 2 4 A
FERSHE S B R STIRE0 . g m ARk 32 B R 1 72 A2 R SR B i, R f Ab
S HIN L FITEAR , XA IR 2 5 Jm AT RE A A ) S AR AL B R A2 ARk, AN
T 5| 7 v AP I8¢ 1 7 A A AR 4 o 3 B g 1 5 DU 5 1) A 30 B AN 38 R A AE A
BN AL, & BEMBIERT, o R BUE R A% S Bl SR OF BT 5 5
3T o JEALXS P RIS T R RFAESS UM 73 A, AT DURS R 4 W Ak b R S0 el oo B 1)
AESR, HeHBERAE ., JUESHMRSTEFHEEEE.

AEJR

Pl 2-1 7RSS N A (O B A T4 Ji

U] 2-1 BT RS IR P AR AL 5 AR ) AR A SR AR B, — AN S BN P R A A
MAGEEZ R PANE R, BIEE R E SR F5RRE. B9
PARAC A5 S AL A A R R I R gt & DU LMD A RS
Jar . BRI F T HORES AR R o, R R SR A R St
AT KA T, BATHE SR I RBUEAVE SHUT-IREST, REVSLE R IR LRI
BRI R IR 5 T . (5 TR TS AR A R AR I B 55 15 5 3 AT UK Ak
B FORSMCTSTE S RES . ARSI R IIRE, IR SRS T AL B B A
RS A 2 A

10
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2.2 BEASESHIAIE
221 BEREHMESHIRIESE

AE {55 A PR A% o ] R P RS BCRER Y JEUURAE 5 BEAT IR 0, DAYEEN
SRR PR R IR S B HET, RS S riE R o AP
o

KA T AE B S HRIES B th 7k . 27k BRI AE (551
(ISR 2 BOR VAL 75 K SRS B, FERMESEaHE ZRIRG M8 R
RER MG FIRESES ), X ERHES 2R B S B RS R S AT () 5 S
RIS

HRRET AE B S BOVIRE /M 7710 o 3R 751k T R P A B AR 4
(Fourier transform, FT) W1, /NEARH (Wavelet transform, WT) WHEE(E 5 4b3E
TR, XS A7 BT B B AT SISO IS 35 70 A, AN SR BUE 5 28 25 i BE VR 2
RIFHIEAS B o BT ERERE A RORANE 5 BIAER 853 FHIN AR AR
222 FHESBOHE

AE {55 MRAE S0 TR MURAL 75 R S SR R G B F Ar, XS
BE NS S RAT R3O RS A RS IR BRSP4 - LUR 2 AE {5 5% I R IE S B A
TEAH U -

(1) WRfE: WRMERE P A SHE S AE I P (i R IR IE AR, HEAUE A2 I 2
41T R R PR B o MR ME BB S W 1 RS AR RS, LR AE S 7 R SRR
RIRE R 2 IEAHOCOC R, IR R WY P AR IR I e B e, DAL L (B VP A
FORMR IR 1K) 2B AR

(2) ETrISTa]: BT [R] 48 P RS 5 B e I A ) 2 B e K
PP D I 1R TRV RS o b IS B4 RO S W T 78 A S SR B shaS e bk, BRI T
I [ 38 % o 7 R S A R BRI SRR, XAME S RFEAEAE SRR SRR
BT AR MR, BUKR) BT Ta) s ARk T GEH B 1 st sC 454 .

(3) fit!: RERNA/NEFBELRMETIRER T IIREAE, RESHEE
SR T 7R RS AR RE . RER AR RN 7 A SRR TR e R 22 IR AT R
e R (BRI A R IR RE Bl 2« AESERR N, RERSES MR 15
PIRE A B3 AORMESC R, RV APRHR DT RE B (0 B 248 bR, UM R4 e
JEE 5 M AN 75 i FIUI 42 (3L FF) 2 AR

11
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(4) TR T PR THEUR 1 5 75 R S S 15 5 W B I T B 1 4R 5
B RATHEUS R | RIS S IR G, RoR 1 A R A1 52 A PR e
RERIOE R . IRV 20 SR N R 0 E R AR A G BUEI IR T
LN RS AR Z RGO, PTREAEE RO B AR 45405 [n) |, T
IR TR R R AT RE B T — L85 fR7 B R 45 4%

(5) FREEIN[H]: FPEL] [E] 248 BN RS ST G 5 O A 3R A& Rk
2B AE LU I TR IR, Sk 1R R AR I RS N KRR e 1tk o HR I (] S5 44
BN P A R B UIAR DG, B B R R )38 ) BT S PR I SO 4473
LA R 4R B2 N 1) JU) ] RE T & AR R B 1 3O ROBE B 7 Fg BSR4 (R 453 45 AL
il

BARFHES AT AR B S5 0rH HA BEW mak & s, (BB FHATAEAE—
SERRIRTE. B2, AEAE SEAERARER SRl ge AR AR S P 5t
S UL R S N S5 R R R BB R B, AT S M A5 5 1) 5 2 g T 5 1) 380 K
TESHIHERTE . Kk, B RHESEN AR (55 TIPS A AR T2 50 7,
TCHRAEZ ZH GV, W TR 1% R E S 8 DL R € % 2 5 1A R AR
TR R A — AN B R ) 83X ) E — e FR R T R E S 500 i
8 3 T R AT S
223 EROHE

P53 M e A A 5GBS 5 Ab B T7 9200 P R SHSCR AR B AE 15 5 BT i
T B —ME S o7k, BE TR KAL) AR (5 5 B8 #ET 70
FEF RS R RE T, AR B4 A Y BORE A &7 A G0, FRLA B

R S8 PR 5, 7 AR IR TT LA BOX 2845 5 JF i 75 A Ak AT
o WL iR g EATE IR 73 B 75 4S5 A ISR UL, AR IR A
REor FrEETal, BN EESH, M SEI AP RHR LR . B 0546 2 K 4
DA B RRE B IR o

AE 55 BB ik 1A RSIR A E R, XIS 5 104, w L
U BRI AL A3 AR (R AR A AT PRAl o Sl TS 5 IR A3 AT, AT LAHERf
DA ALRE N A AL R . ARTT0, T AE {5 SR I W R B A Ay
P, 1y ELAE I 38 2R 5 R R AN A G M S 1 T 0™ BRI A I 45 R, DL B AR AL
ARHIIE S . P, AR SR b, 7R E M T i A B — 2D
BriE SRR AR B o) At () B I AR ORI 3 A5 5 e s B Ak b, AR S E T RE

=
K

12
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54 53 2% B S8 73 i Dt 1 B W B B SRR B o) o T T A0 46 1
W7 E SRAE IR BUE R, FII REfs AT 2oy B A AR 5 5 . @it 4l & oy
BRI BT, R ASEIUNT AR A5 5 A AT, ARk 0 vF il 3 it ks e
2

(1) W55 Hr

I 00 BT ISR — il 45 5 B ] 5 A0 A R 4 JEE A 2 RS 5 AR BRBOR, T2
FIF 7 R S5 5 BRI 0 Ao AEAARESZ 0 B IR A = 2R I 7 RS 5 i o e 2
IS HPIRES RS D, WRGUNHE ST R o7 I Bt . BV S ol
AT RFIE . 2TV RN AT 145 5 AN SRR RE RS AR HE (1 SR IR R 615
TGRSR AR AR . BT IS A, AT AR RE P RS A R R R %
SR R, IR B AR HHAE 5 T &R 7 i AR R

(2) /MBI HT

NGO B AR A A PR AR 2 AR PRSI RIRTE, Morlet 52 1 H
12 RIER M1/ i T3k . 1205538 50N Al R i RS g 1, Sl
TESEANFRRE TR EGN I E, GEV RN SRIUE 5 (1 s R Ak . X —
P A5 /N B AR R 3 Y 3 M 7 R <5 B B aS R AR RS 5 AR R
R AT, /N BT 5 P RN SR I 25 M RHROUE 1 22 IR R s S i 13
Jiide IL/NEI R, FTBLRN T R R SR IBLN REE o A i DL, 2
SEHU M4 RHSR O IR IR DA

2.3 KRB/

RE RGN R RN IR IEEA SR PR ROR S S B AR 45
SN B, W AEG SN R, SRR T AORMEROW JE T %
W2 = AL A R LR AL RS, PEAN YR 1 A Sl b i R 2 5
BRI REETHAL IR FrERmf [N BT RIS, R IR 1R T ik
IRF o BEAh, AT T IR BIE 5k, IXEETTIRRES SR AE /55
EFERMESHRAL, 9 AE S5 RIER AW FT S8 WSk 1 24l

13
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FI3IE ETHELHESH PCA-MD BRHITE W IR A
IR AN

FE R R R Db P A, AL as N AL 2 48 1 D LI A IS
A I ST NI4T BRI, AL A BRI SCBE AR A WK R . AT 2R AT A
7 oy LB AR R SU A4 A7 1) R X 2 FL Il 45 £ B o 2 AT I ] £ R AR
B S B EL KRG T IA SR, TS B I A R, g A kIE R RE
LTI . N T T TURGE AL A B AT 2 AR N 8 5 1) P RS SRR I,
B A AR AR FE LA AL 2 R P DAk L NAR S R G E NI &, IR A
AR IS AT ELAE DR B Lo AT B AR R AORBUBGEN AT e i 015 5
N T BRI AE A5 5 BRI SREGHR TR b5, 20 IS i 2 M IS 0 i AN T
THEL AE 15 5 BN SUSRF AR R AR, il 32 5l 70 i IR SRR AE HEAT PR 4R AL PR .
Ja, IR IR B W B A 453 15 O -

#E
4g I

Ny a

3.1 TALALER NRGENITE W A A S E SHFERITG A
3001 SRsiEAR

I I PR AR (5 5 AE I S B RS2, RN IR 1S 5 1R I SRR ALE
(N2 3-1 i) o Hbxo NS, i=1,2,3 .. N, NRNESHEIRKE.
% 3-1 BHBBUHE S B AR

EEE R 23k
l n
o0 M==>x
n'io
l N
Yxt AM =—>"| x|
NS
TR mw:%jﬂmﬁm
1
_ N k
PR RMS = =3 /!
(2
E2(E} PE =max(| x, |)

14
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i VAZlZn:(X:‘_;
n o
J— STD = \/ % 2 (xi - ;)2
. -
—\3
| 2R =+ : xj_x
i g SK (n—l)(n—Z)ZH{ s j
I & x—u '
i i KU=2 2\~
F v n;( o j
B e b CRI:mlaX—nM
F1E I B ;
ot =L
AM
_max(]x,-D
G =R MAI_%
n-_; [
" - I & x—p '
UE P FE R KUI=— | B
HE fE bR U n;( (o) ) ’

AHFFCEI T 13 A EARIERR S IES 5L BRIME. AXI9E, T
hae, JTiRmefE . VeME. 72, ARdEZE. IR USEE. WEETEAR. KRR,
M SRR ANIE BEFE b, H 1 Al AR HLIAS MR PR AR & o IXEBRFAE S HON
AR S Sk 1 IR LIS AT RS AR A RE S - 2406 B (R 5 AR ML ) 3 25 kN
EHURE B EROIRS I 25, A RUE N B AR08 MR bR, REDS
HER S v g6 1) AR, W MU IR 73 I R AIE 1745 5 R i R i S HL e sl
B, s b oy A0S IR B BT A A, 7 ZE AR ZE BUARERH] TR S S 1 &
HORERE, (HpRiEZZ I8 B — L Aab B, 1S AN RS 5 ) o6 o 5 B S b e
i R MU 5 70 330 208 14555 30 AR I AR RS AR PEAN QUG I, iy (R T A . T
E=R AN & =R A1) QUK (=R AV L Lk S (1 S S RSl )2 € ] v S P S
FHES AL G IR NS AT RS R ILR 35 A, T 2% 2 Ha] (R A7 AR —
S AN EAR R AR, VMW R IR DR R SR I 1 2 4P IR R AL SO

15



8 W YN T e VAT

3.1.2 RIGIEESD R

LI iR (Empirical mode decomposition, EMD) “71Lg (535425 (Norden E.
Huang) 55 AT 1998 FE42 H i) — Pl K I SU8AE 5 40 i 7% EMD & —FhdE T
B B B & NAE S R TTE, HA OB TR st e SRR AL, REfBAR
Pal5 T A S R EREAT &R i, & TR AP RS 5 B350 #r . EMD
A% 0 AR R B R MG S0 N T AMEALA B 2L (Intrinsic mode functions,
IMF) , XL IMF Bef% S WA 5 1 e S0 RFAE, O HOE & EAT A /R B R AR 4 LR B
Mk I AL

FELRIB MR, KT RN EEGENLE R4HE 5 x(0), EMD B2 3 in
g

(1) I8 =R 5 M B B BB S B RO B B2 2k, R PTE 1R JR B ok
HIEREE N AR, R/ IMEIERER T %L

(2) WHH BESL S T O BIE m, ()

m (1) = Snas (t);emin(t) (3-1)

X e, ()25 LEKLNE KM, e, () 2ES FRKLNE/ME, m ()
S H AL
(3) MWEIATS S x(¢) Hid = HMEBK L m (¢), BEELE IMF A) -
h(e)=x(t)~m,(z) (3-2)
(4) FUWT () 75305 2 IMF 10250 RN, BEE LB IE, B2 ()
& IMF 21
(5) B HREUH IMF WJEBRTE S x(e) Py B ok, HRIRIAES r():
r(t)=x() - IMF(2) (3-3)
A, IMF(t) 2 R A h(e) -
6) BFRIRES r)EHINAE M RES, EE LRI, HERARES R
R C RN oA
313 EEHOOH

F 443 #r (Principal component analysis, PCA) L7 F fa4i ) AR, @i
LA [0 = AR R B GE S (Al v, ESURIR DS BRI T2 M8
WA TN GBI 2 08t ik PCA BIZ .0 AR RN R GG 50 e 4 —
W IR F R, FACBUR RS R EMR 2 N E Ry, A& o #2 R 1R AR

16
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BENERMEHEG, HENERD B IR, KR £ bR a4 & B A 5
SETEAR R T B . IXAEACER S ARG N A A L T AR A ER I B AR

e ik &t

F R I HEBURBRINT

(1) Hdmbriie

T e JE U HR AT AR AL AL ], T BREUGEORE Z R R E N B . 153
PREAL 5 0 R BB R R S U B, o SR UGB AT A A AL R 0 A =X

P o (3-4)

y
g,

b, x, RoRB T MERIIEE j AR, u Mo, 73 iRRE jARERSEMN
PRt ZE o

(2) THEW T Z R

PCA [MizOo R E IR GBI R AL 5 W 7 256 0. 7 Z R R I B 1 AN
b (AR A ORI o X SR Aa B AR e AL S IR Z, b o7 ZHRE C i HA L
N
7'z (3-5)

b, n WREARYE.
(3) FHEAE S fiE
PP ZEHE C FATRAEAE 20 8, A9 BIRHIEAE 2, o FHEAE R0 B 3 A3 (1
T2, FRAEAE B SRR A N
|LE-C]=0 (3-6)
X, ERSWHITZERRE C [FR I RALRERE,
4) R ITE
FEXT T ZHE C AT RAEAA 73 A3 B FE R RHAEE A, )5, I HAHIEE 55
MEZ TR PR PEAR I, SRS IE M &, W2 PCA IER v, o R A& 177 ]
e T A TER4E B S M 7 ). R IR AR A P DAER AR R
A v, =C-y, 3-7)
b, v U7 ZHE R RRAE i, R B2 RS A TR 1 3
(5) IS
I 3 RO B R DT R OR I E AR I B ML R TTER R
RN E A 85%, 4 Rt DTHRFE KT 85%IN A AP OR 87 1K 3 iy 75 SR A2

17
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RO, G ¢ AR T UL
W AOW! (3-8)

A, km<ME?ﬁﬁﬁmkaI&AmAﬁ S A R U .
(6) Hflk
ﬁﬁ%ﬁiﬁzﬁ%%kAzm“@m& CHIBEW o BRI Z B RN
Ye7ia], RIS RIHREY
Y =2ZW (3-9)
A, Y R RE—Z AR TR G HAaHs 768 1 48 52 7 B P % 5
3.1.4 SRR

L ICFE R (Mahalanobis distance, MD) [#91g — i 3 F- £ A 7 A7 5V 1) R 25
B, HEES %5 P. C. Mahalanobis T~ 1936 fE42H! . T RIEE AU L E T
FEAR R BRI, R0 HE T BIREN SR, 8% A A BEAN [ 4E
J5£ 18] B AE S DL R RS 22 S [l . A S B0 i 1 H S AN [FAE 5 REAE 2 18] 1 5 IR R 25
FIWHIRE ML RS . T BQEE B B2 R AN

MD =y -V )" (V-7 Y (3-10)

[,V RMEF TS 5 e fa R E 2 250 B b B AT L B — 2 AT R &
V RS S PR SR S EUE R RE IR R, BT R RS S PR YRS MR IE S 5L
R I P 0 R

3.2 BURVITE RGNS 2t
321 LWHREFASHIESRE

SLIGBE KT G K AL RS DS5-16C 7 R EHL, Bl &R 4E A 150 kHz
[ RS-2A 75 KGR AR, BT EBCRSR I 25 W BN 40 dB.  SEE RS B E N
3MHz, RS-2A F R SME AR IS AT B ROR AR &L 2 DSS5 RS 1 #iE, DL
TR 5 I B IR REE

LI RAT A HH FE T ] S H SR B ml S A VAL 88 A AL 3h R GEillh
e I AR S, B 5 KBH UG F AR AR IR AT N B 3 43302 300 r/min
600 r/min. 900 r/min A1 1200 r/min, PAEAUANE THL T BRGENLIZ TR . et
SFRHEAIEBL. B, RE—HBOENAE IR TARRES T R RGHE 5 1E ki
Kol o B, 8 PR ML — AT 2N B T — ML) 6 mm, $EEZ) 3 mm,

18




LRUTARE R 22 A S

RIEZ) 1 mm BRGS0, DRI SEPR AR AT B2 A e BRSO, R
NS OPIRE N TR AE 55 . ST 6 SAR RS A B i 3-1 fos, 18
XS EEIEHRS SR DIRES T 1 AE A5 SHHIE,  SCBLREEN AT 2 M0 9ER .

(a) fRIEASIINLE (b) fRIEASHINLE
K 3-1 sKI & SRS A E

322 SLIGEERDHR

FERGENL IS AT R T, BEE RGN, RERIN AE (55 A5 = 1T
WA, FBURL AE 55 HHOIRFL SRR K. el 2 4E 1200r/min
M LA, R0 10 AE {55 32M A T30 o™ B Bk, A3CLL 1200r/min
T T H AE 155 841, JEAT IR S0 M7 o 25 8 24T B A R SRR B AT v o g —
JA R 18] 0.15 s, A SO 7 AT 2 IR e Fe o el i 8l 3kt 3 X105 Hudfs 0
BEATVEA AT . ] 3-2 JoR T REN AT B AR IR TAR AR IR T AE {55
I SRS I o 3B X B 4G AE {55 #EAT DU B2 e, #5937 RIS N 1A
s P o AU I A mT DA HY S SR ATLAE 3 TARIRES N 8 AE {55 B9 1508 39.5 kHz,
MARUPIRZS T B EMY 16.33 kHz. EFRIERR, ERUPRES RIS BB 7
PR BE R B R o FITEL, AR SE R AIURT AL 73 B 3 DL HE R AR R AT A2
W S RS

MR B 3-2-(a) P N TR, RGENLE IR H TARIRES T, AE S BE 2
BUH AR PR RFAE,  FLEE ALV BN HIE W SR A7) o IX R WAL A
PR AR AE 2 1B AR S AL B AL FREIRDS, RZBIFH BRI T A, AWK
3-2-(b) AU R LA Y, LT 2 AR SUIRES N LAER, AE 5
O TR R R gy, IR IR T RS N R sE E . X
RAZ o B S e 1 A LR TAF S R 2 2 1 s A e/ B A, W RE2 i T
17 BRI 2 BO8E & AT AR BRI SN SR BT SRS . D T SIS B B T

=

19



8 W YN T e VAT

WUFEIEH RS SHUPIRES T A SR AE 22 5, AR B0 I3 LRl 400 T 1 AE {3
ST VRN U R AR TS B R LE o B ik et bR, W RAEE D s
FUEAFRIRE T ARt 2R, s Wi e B IR .

EHAERS TR{AEE S
10 10

Amplitude (V)

-10 -10
0 0.02 0.04 0.06 0.08 01 0 0.02 0.04 0.06 0.08 0.1
Times (s)
(a) B TE K
1 ERAERS HRLIAEL
\ 1
0.8 39.5 \
’ 0.8
s 16.33
=2
Sos 0.6
. 16.33
9
=
=04 0.4
E
<
0.2 ’ 0.2
0 |
0 50 100 150 200 250 300 O 50 100 150 200 250 300

Frequency (kHz)
(b) AU 5]
B 3-2 AT R RHE PR AR 10 SR A6 A &

BT B AR I R E 2 HORHAT BB AT 1R D R A AE — E R R
AT TR PCA 445 MD XHBIEH LA 1 H 5 1005 TR TARRZS S B SR ik 2
HOItAT TIRA AT ST .

I ATUSRFALE 25 55055 D L I AR RS S A BEAR DL R A AR s AR O . iR
TROTHERS BT BB A B R R, AW FOAEEAT 1 IRBE B A AT, 1 Yk A
PCA 5t JRAG I FUBAFAE S B AT B 4E AL B . 8T PCA $REURFIESHU) - 1y Ja K
L, AERGENAT 2 AR PR ANE AR T, AE 55 I 5085 i 2 Jr A s 4>
FRr BT DT 95%, Wil 3-3 flra o KR MR A 803 BENS 78 7 RAL IR
45 13 ERFIEZ BN F 245 2 . BRIk, AW TR PCA-MD JiE AT IRIEHLAT 2
WHCTR DGR, DRI PN R T R IES 2

20
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1
0.9

R

P 0.8

®0.7

g 0.6
'.g 0.5
204
-
*g 0.3
802

0.1

0 . )
1

K 3

32 FiR. R32BRT

|I |
2 3

34T

=

172

WRAEMFRE T AE 55

M Health status of planetary gears
®mDamage status of planetary gears

7 8 9
PCA

SRR PR RFAE 280 ) B TR
RAE AL (3-9) KIFIRBIE B BRG], 152005485 S HOER:, Ik

10 11 12 13

FRE S B PR YR AL P 5 1)

SR TR SR LR TR AT ST, RN S BRI T R

FRITRERf L

ik A (3-10)itH 5

AT 2 W R AE IR IS AT I A 5 IRER SR A2 e A 1.5 L
17 R RS S HE IR TN BB IN AE (55

R 3-2 PCA FEYEJ5 N RFIE S BB [
1EH Bith
5.603 -0.768 -7.791  0.526
5.601 -0.767 -7.789  0.527
5596 -0.768 -7.783  0.528
5591 -0.765 -7.773  0.532
7.340 -1.055 -12.499 0.559
7344 -1.058 -12.514 0.551
7346 -1.054 -12.532  0.546
7.353 -1.054 -12.556 0.540
8.418 -1.172 -11.572 0.042
8.414 -1.173 -11.571 0.045
8.412 -1.170 -11.568 0.046
8.415 -1.171 -11.572 0.044
8.881 -1.142 -11.496 0.111
8.884 -1.144 -11.500 0.121
8.882 -1.144 -11.480 0.120
8.885 -1.142 -11.537 0.151
RN IEF RSN AEF 5 S IRIEE, AT

21
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PREGHIL 1.5 I, BEDnlAEAT BRI R DT . ARSI, ST R A
AE 55 51EH AE (552 a1 REEEER] 1 79.57, BE&T 1.5 KEEKT.

X—REFEEREW, FETHERIFHEARN PCA-MD J7 % A BOR AT B 4 5 (1457
DR SRIRE IR FE /M UESE 12 5 IR R AT PR AT n] S 1, J9AT A2 AT A e s

Rt T — M R BT B

3.3 KRENGE

A B R P ARSI 52 AR B T AL AR AL 45 O HE IR T 7T . Gl e
RIGEI 7 R AL B (S 5 A B R, RSBl 7 %47 B Ui fe B 4 8 A
AR e B M 5103 2R R ARG SR I R R, BE A H0R A
FORHE SRR BO™ A RN, 9 AL NGB B e 4t 1 50k
AT ] SE B TT I

LT PCA, R¥E BT v Bk /i 4> 22 By BENE A RGRAE 5 A HE 51
BRHEE R . BRI S, Ao R oiR CiE 8] 95% UL B, o tRE
TIRAR(E 5 R SRBEAFAE, RIS G2 BRI 1 4 . XM R AL BT iR AN A AL
TR THRAEZ B TUARE R, 1 BRI 115 5 0 M RCR AR .

ARFENRE 1.5 BN AT 2N fE BOIRS AR E R . A I B8 1 AE 15
SHIER AE 5 M D RIE R 1.5 1, BVRrAE AT R G vT RE A4 o
W s s, Wi 2NN AE (55 5IEH AE 55 2 1S IREEE AR T
79.57, WFEmET 15 MREKT . X REFERERY AT TR A AT

22
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F4EF ETF IVYA-VMD BI85 A BUENITE S5 IR15H
HE LS ESPHRMR

ATENTERIRGENL AE 155 BEAY S0 HER TR R SR I T R 7 —Fhdd
T IVYA 5kAii VMD SHOFSS G AHOCHE R B AE {55 EA 5%k, TR e
5y, BRI S R A VMD. HO-VMD VNG it 4T LU, X EA S 1K AE
B SHRIESEUN PCA FRAEANEE, SCIE RIS | PRI IR DU o 72 B I 1,
K28 3 B R SUISRHES RS & SVM, i 1 B HHIR IR U8 . 45 REE
WY, BB D5 AR AR 5 B BRI A AR HE R R 5 T A5 21 7 & 4R T T

4.1 TAH 8 NBIRVTE SR BIRGEHHR X
411 THERENE

AR fiR (Variational mode decomposition, VMD) BOg—Ffgr M), 5
ARG S ITE, BN ARSIKZ 0 BE S HENM N — RIVEA
i E ML ) ASMEAL S PR 2L (Intrinsic mode functions, IMFs) . S54& 451406 f5
A% (Empirical mode decomposition, EMD) BUAMLE, VMD HA RS2 f 51
WA, BEWE ISR S . i RSN SR ), AEAS T A B AT R L L R )
SER= R

BWIRIBE T x() 228G T, WWN kA IMFs, B%& IMF fHOais
Now, MG L) R ARy

2
j (4-1)

Kb, ) REBIAE S, ) AW IMF SRS, {0 ) A% IMF X5
B O, CSREBUEHGS, o) RKRTEM, 0, TR BIEH.

s VD A 0 20 b 0 A gl 24 SO 1, T Bk 51\~ VA 1
TRRM I OTT, A @) A LR AR AL B 9 — A TE 2 s
A = Y= CECA TE T IEE 3V WP

d

23



8 W YN T e VAT

2

L«uk(t)},{wk(t)},z)zag

o0 L|ew (o)

’ (4-2)

o, L(e) it i H R %

I RIS K FIIETI R T o /& VMD i NSS4, R ETbE 4
NN E . W E S RN R W s . iR K e KR, A

BE S B A ARSI NAS DL ZE R RS A SRR 0 2 SR K&k, TR
FEO ARy, TEB R E SRHE. T o BRI 75 &1
W, M/ANTRESEEASIRS, PAETHANE; IR RSEEEEK, 5
BERWERR . FL, XI5 %*%ﬁKﬂ@ﬁl%ﬁﬁaﬁf%% X ARy
BRI o RO A B

%%x%ﬁﬁ%%&ﬁﬁ%&%ﬁ,E%%ﬁmm&¢@ﬁ$,uﬁﬁﬁﬁ
@2, BT EER u . o AT FR L, il AR 4-3) KR
1B SN K MRS &

g

E

L Aw)
o)=Y i o)+ 24

1+ 205(a)—a)k )2

@%@: (4-3)

Kb, (o) o) F o) 3 BIFRRES 4 () ) M &(e) Bos B e
412 BEBRMUEZE

WEBRNAMAETE (Ivy algorithm, IVYA) B2 B Mojtaba Ghasemi %5 A 1E 2024
SRR T AR R E E R AR AN TR R AR HREOR
VT B ARG 10 R R A AR AR K R R R SRS AT N, ﬁﬁ%%—ﬁﬁ
W T EHFEREK. AL = A4 BB B s A ik . 7R,
%%4%Eﬁ%§ﬂ¢%m§ﬁ%7M@%%mﬁgmmo4%Luﬁ%$kﬁ
FESK RS R4 3 B bR, DUE R BB PPN TR bR, 1 ARA5 3 o] R SR A

IVYA oA SE TR RS A =AW B, Bk SRR T

(1) KB

5 HAME e EIEAE, RS R MR CE R S A, VYA
TEAE 2 2% () HH R aa O B ACE R IR I R -

I, =1, +rand(1,D)*(I_ 1. ) i=1,..,Npop (4-4)

24
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A, LERRE I MERRIALE, rand(1, D) FRAEX E][0,1] 341535045 (b
U E D, I, A1 AR RS E W LRI, Npop R 7 4.
H A TR P R — A AR 0 A R B R A -
AGv,(t+1)=rand® . *(N(1,D)* AGv,(¢)) (4-5)
2, TR AGY, (¢) FTAGY, (¢ +1) F2 7R B8 50 H) R Ge (i %1 ¢ AN %0 ¢+ 1) I35 KR,
rand & X [8][0,1]7 I BENLSZEL(BD rand U[O,l]), rand’ EFENLI AR = BEALEL, H
MRS RS T1/2vx o« N, D)FRERCH D IBENLI R, o B R K bR
E (IR 70 AT R BE AL .
(2) ZHPr B
AR B A KIS R 2O AR, B A= AR
RN RE IR (R IR R ARG, YIEE RN 7RG 2
IR, @ RO I BREREERAT . BARME, YFEEERaR
SR ) B B O ARG R KA CRAE L RTh B2 HE) i EE K.
X A K S AN RE S 5 Bh 2 8 A R U E O IR 2 X, Re i B K
T SR, R HOS B E R . B 5 B R SR 18] G IR K 77 1)
AT CFN A K A 22 R I8 A K (4-6)F1 A (4-7) R R
1" =1,+|N(,D).*(1, - 1,)+ N(LLD)*AGv, i=12,..Npop (4-6)
X, |N(L D) REE, HoRRKE N1 D)W ERASHE.
I = o ) Iter =1

ax min

= 4-
AGv = {mnd #(N(1,D)*AGY, ), Iter > 1 7

(3) 1LY B

TEH B EE, Al 2 20(4-6)F1 A X (4-7) 8 Sl B AR 22 F B Ax
G, HARKER B, R, ZMEK S EEAE R A R R (B
IR v A AA ) R R RGBT B ZE B H bR . X AT AR T R R AE H R
BT AR Se i BT A . SCHEARE R e KA E A ZE I R A s I, X —
TR R R AR T LU A (4-8) F1 A H(4-9) KR :

I =1,,,.*(rand(1,D)+ N(1,D).* AGv,) (4-8)
s, Ly, VB W BB A B0 -
AGvineW = ]inew'/(lmax - Imin ) (4_9)

A, AGY!™ KR 17 S R o e 0 R 57 AR A TR
NI(4-8)5E T BT A SRR R A 2 M B G R, A (@-9)iiik T

25
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S A A I 5B AT 5 R A AT 5O SR A S B 5 47 36 25
B PR E 2 KR, BRI TR F7, AT E 2% 1 F SRR B s
L AR 1 95 AR

EIVYA R BT R, MR 1B B R R RE £(1) T Be f(1,,) B
(B=Q+rand)/2) o HFEEIFUEY MR T 9002, 75 003 7 4k e )
FARIIET . YGRS R, H5 2 OB T SR R [
BrFR, ORI R A A I 5 R B S BRSO T B P, HE 42 Jk
R R RO BE B R B, 3 R R B AR AR 8 Bk b F

[=[rs s s (4-10)

413 BEBEUEHES B

IVYA 14t VMD 73 i 23 1A% 0 2 DL /N 28 IR Bz 52 ok £, 7 VMID
RSB S . BANRR M TGS S 0 v E R R, A
28R I 2 B I 8] P 3 ) R mr, BI R ZI I S R RIS, 28 05 S
& UWIZERRERE AT &, 55 RIAN:

H(w) == plu, Jlog, (plu, ) (4-11)

KA, w, RN IMF, n R, IBCR, w2, IEEREA, plu, )R, P B Y,
H LI

&5 R OER B R R IE N

min, go(K,a) = minK’a(lZi:H(ui )j =min, , (ZK:[— Zn:p(uy )log2 (p(uij ))N (4-12)

i=1 j=1

s.t.K €[3,10];a €[100,2500]

b, min FORE MR H () R A IMF H%05.

IVYA Ht k57 B, T 36 AR R EEZE 11 AR T8 b 02 K AT S o B o 3 2 A
fese T A R RIS, T IE A S 3 2R R A R 2
e o B RS KR o RO 9 P o 07408 R SRR T B L X
S, ST B LI L B R T N . R A AR P 4 R
& BRI R B S R T O, DU RS E L K
o 2 AR IR, S B B IEAMART R K KA o 21 43T VMD
SR, MR IE RS A B NS 2 R, B ARIEAT, AR
T LR RIS KR o OB, Jib/EL 5605 0 B BB A T S AR AL
S0 R KR ARV MR — R MBI R, 4k 3 T S B oL

26
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RIFIA S, 1 VMD 7 fiftJ5 RS 7 B i i/, i seBs VMD 2451
At
4.14 HXRH

KT ERE AR (55006, HUREA IMF 5 G SIORE RE e
FE s PRI IMP S TR, ARG RS TR x Al y 2 eI X AR, A
S RHEE T B 1 2, AR | R P 2 [ PRSP, 4
e RS T
3 x(0),(0)
R=— 0 (4-13)

szzmzyfm

e, CAESHERRER ], x(e) NSRS S, y,() &R IMF /Y RA5 5. 1t
FMASR R RS, MRAER 4-1 Froas (R R 2 A2 B2 TR R AH S B RS,
F 41 FAFRZ (A 3

IR| AH A
0.7-1.0 VPR
0.5-0.7 EAVEPS
0.3-0.5 HAEAH R
0.2-0.3 BEVEPS
0.0-0.2 P55 AH R BTG AR G

4.1.5 IVYA it VMD S f#Ri2

IVYA-VMD HH IVYA FFE R 7 =8 K SKIETET o, s/,
R E RNIK, a}o ZEERIZ O i NS & BB 4, DAGSR
FmREE R BN — R TG 5 A R E R B AR, 48R
YOI B I 8] 7 A B PR, B FP A IR R 2 MUK . X 6B VMID 7248 F 44
RENMK, o B fESOR BN . 2 IVYA PR 00 2 Rk i 2 b 45 1F
i, &%t VMD M &R RS A G (K o), RGEHZSHHAENES
BEAT AR . BARAE R W

(1) WIaEAHE B P EE

(2) DAL R RRE g kAt AR 2 3 (4-5) S i A R A AL B AN AT

(3) MR A T (4-12) TH TN A AR — AN IR 7 AR 225 SR P ol 7 A 28 095 1

27



8 W YN T e VAT

(4) FTHAANRIFEIIR/N, BE 24T /MR, I AR 4
JR R AE

(5) KA 2 2(4-8) 024 3(4-9) B s 5 Fk 1) or. B R A K 1)

(6) EHLIE(4);

(7) (EFFIE AR BB BRI T S5 R, 0 408 o N e/ L 46 09 {8 X
(IR ES A

4.1.6 XHEEM

SCFEIFEHNL (Support vector machine, SVM) BOLE — 3t T Gp 1152 > BL 1) I
BEESI 5, Vapnik AT 1995 4R H . SVM FEfRU/INFEAR . JEZR 1 K 4
BRI ) R rp R 0, )2 N T2 BN R SS . HoAZ O AR R il 1
it = &7/ < S T X C N <371 i F = o Nl BT 01 1511150 = NG S PN 71 it io e
RETT o SVM il fi KAL 7 S 1) B SR 1 s B R f) st [R] I Sd ed 51 N AZ B 4
(Kernel function) R ARZ AL ] R 2 S 4E 2 (0], A6 HAE S 4E s ) th 2k P m] 4
AN A 04 B 52 25 1) 73 2 A [B] VA ) g

AR 2 8% EHL (Multi-kernel support vector machine, MKSVM) i
TR . 2SR NS 455 2 AN ANE A 2R BOR 32 5 SCRF ) 2 AL P
A, AEE R M AR R B, @R RN EBEE . SRR BAE L,
KRR AL R A B R ) RIKRE ARG, BE NS 5 I A SR A5 () SR R
A AR, AT 3mSR 2 () TS FEAZ AL RE T o BV A% BV E D JR) 0 4% ok 2
THEGWEBR, MR RG> GRS EE RIS, &
T AL BRAME AT 73 B AL G A AT A i s . HRIE U

K, (x,x,)=x"x, (4-14)

0, x A, 70 0l s AN BEAS R AR AR [

I G NREBEH T 0, F1 5, AH AT SR SR ML i i 2 1
W SCHE ) B ALAT BN ECE HLAT B2 U7 50 45305 RS TR 45 R T 7R

£(x)=3 (65— Wx, +b, (4-15)

i=1

FEASSL R 2 4% SCHF ) B LA 2 o i R B0 P AR ) A% R B, AR ) A% pR B
RIEAN:

IO

K, (x, X, ) = exp(M] (4-16)
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SIS I 3T 6, A1 8, 43 B2 1A FEA% bR BOCH R B HGEHLAT 2
DR R A5 T 45 R R N -

n

£HE)=3(6,- 5h{|&J}b (4-17)

i=1

55 S L B KR A B S B L B T 5 SR AT e B, 453
B 1 TV AL 3% AL TR S5 SR B3 A A
()= a.£(x)+q./,(x) (4-18)
AP, g, SRR R B ) BTG A BB, g, AR IR R
S ) BEHL T 45 S AL R

4.2 SEIIES a4
42,1 BABIESHIRE

LI WL 4-1-(@) i, KA T AU s A 7] (1) DS5-16C 75 R R R4S,
BC 4 7 RS-2A AUk Wi P &AL Jk 3, b O M2y 150kHz, A5 38 0 5 [ i
0kHz~400kHz. SKFEAIA I E N 3MHz, |7 B BUKES 136 25 7 28 40dB. A< SL4Gf
FH IR AL R 58 7 [ i B S AL AR IRA JI e, SEae st A ML an /& 4-1-(b)
PR o SEBR U E 5 K BH 14 6 AHZE 1R 4] ik AL A\ il % 2 300r/min. 600r/min
900r/min 1 1200r/min. SEIRITURRT, 5 J6RE—HBEGENLIE R TIRRES TGS
TENIRHEAS S, SRIGTERGENL I — M7 B fe B T — MK ELN 6mm, 3
FE20°8 3mm, REZH Imm i .

(a) KIS (b) SEHITR
B 4-1 S AN X R
Kl 4-2 J7R TAT R IGECAE 4 PR, X REHGE B AT B V56 1E 3 RS L 452 0

29
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FIRAS I AE 15 5B 4K K] 4-2-(a) AT 1 24 550 21 1200r/min B JGEAAT 2 045
RN BIUY AE {5 5 2R M 337 [ PR S5 048 75 s i 3 B0 IR A T 10V.e B IE
4-2-(b) A LAFF Y, LA F] 1200r/min B, 36 H5G1E S M FME EH S5 0E
AN, IEH, FEREHRGIRE TH AE 1§ 57 600r/min A1 900r/min I ) F 45 1-F
I BrEL, FERGENAT B R R0 AE {5 580 B i DAIX 7y 3-8 (s
AT RAR R r Bk, RAHEIER AE (55 347508 20 81 I0 i e i PR o A LA T

BN B

o EHES tfhfa s : E#Ee HigEE :
= 1 1 - =
0 s *TﬂTﬂSDB o 16,0808
Ll il 1o (]
18 3 : % 100 200 300?0 100 200 300,
= E = " — 47.83 E
g_ : = 3, 111 YR S

=18 & = 100 200 300 0 100 200 300
E o £ Eo|[, 1625 os|[Ti1625""> &
<_ 0 2 & 0 ll“llu.. R re oLl | lllll“l.im a 8
18 £ 0 100 200 w0 0 100 200 300 _
0 s o 39.5 oe| [l 1638 E
10 i 8 ‘D 633 ‘O l““hlnlhh Loid §
o 4 $ > D S G F PSSO 0 100 200 300 0 100 200 300~

FFLHSS s FTFFTF S Frequency (kHz)
Time (s)
(a) IR (b) A

Pl 4-2 T BLES ANAURM A AR (55 AR I
422 FERHHESHHERE

FEAEH] VMD X} AE {5 53T 70 A, 7 280 Boe 1d MRS HURE K ANRE T
BT a o RWDNSEEFN AR BAT RN, R K HEL K, ke
FEOS R, SIANADERRE RS SRR, NI FRARAS 5 R SR B v
B, ez, WR KERGEDDN, WaTaSBMEATD, Lk aRES
TR IR, TR T o BN ERSZHES > BRI, & o b, A
REFEEARE, FELMERS, A MERTEELZHIIREL A o
K, MATEEFEFEEER, PHMERMEIUR, HRIMHARTIETR DRSS
FARHIE. B, e RENSEHE K, al & VMD TE15 5 7 R A i) oG4
7] 7L

FAT, R A DR SRR E K. A B WEA R K5
PR ARG DL, B P LA o A BN 5] B W] B BB 1Y KA AF i A
SHE a o IR, ZINEFAE € RERE, HARER ERSEE K, TEIkF
FE TN T o o KL, XF VMD 28R REE, HEFFeigFE N
WK a BIT59, CARROR I s SR B HERR IR AT AT SE 1 . 8 1 AR I — IR, A

30
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A /N ELES I8 D od L R, SR FH B B IR SR AL VMID 73 R R AR B 7 K
WHE ST i s/ DNESE RIULIE R R 3L, Ree A AU 2155 a1
Mg E AR AE SR I 78 20 1%, AT FE S S EAA L R . HHFE BRI Ay —Fb
R R R B, B R R . WECEE RS S, fE% & Roh 3
HERERK, o VG WIZT77, RO REE B R SHE 5 3017 5 RS
5, TR S5 T R RS U HER AN S B2 T B T SE 1. R 3R 4-2 N IVYA
FIERZHE .
42 IVYA BiEBH

ZH ZHNE
ol K (1) FBR {100 3}
ofl K 11 IR {2500 10}
Dim 2
T 20
N 10

AW F BRI IVYA it VMD Kt S50 &, B s K AN A% T A
T a , TS Dim WE N 2. EAREN) & E T B AR ER SRR 5 3L
Ko BB, FnTReTCIEIE R 3] VMD R, SRIRERZ, &1
FERIVHER . 2 RERS 205, HEeOEREE T %0 20 T{E IVYA f£
& FRIN 8] N AEZR B VMD R AU o Pl AR 52 me) 50025 1) 48 2 0 BRI S5O o R
BN, BRTEAR, TRt m e, MR, HRERESRNE, M
FBEN B 10, AefEfRiE— @R BRI d R &, BRI R0E1T
I PRI E K AHUE T VMD 20 519 211 IMF 73 B EH , iR K E e K,
AR FEOL 3 RS A DB RS (E SRR R 8, R KB e/, AT
RSB MEAR Y, TR E SRHE. EATAH, K FRA3, k
PR 10, FEULIERIN FHREER) KA, PASEIUN 75 R SHE 5 1A R0 il . 74
I¥am4%m$ PRI TE, S U, o WEM/NTRESEESRS,

ANPEMER: ERWATRSFEE R LR, MERMEIR. AT o KT
@uﬁumhﬂﬁmh%m IR 8 i AE 155 W/ ML LA L. VMD 3 i i
REZHAEGUWE 4-3 .

# 4-3 /NI R VMD f S

3 r/min EARIREL &N A K a

1B 300 10 9.91 7 103

31
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600 8 9.35 4 300
900 11 9.09 8 255
1200 6 9.1 8 154
300 6 9.29 8 116
600 9 8.98 6 117
it
900 10 9.11 5 100
1200 6 9.21 5 128

TEA£ FH IVYA-VMD J5 540 3 81 24 IMF J5, AR @E-13) 1 H8A IMF
5655 Z BRI REG ol 8 A KAHE S 1) IMF 554615 5 Z R AR
KABNER 4-4 Fin. HJHKRFKT 0.5 0, IMF 5JFIGE5 2aMHEK, K2,
RIFMSRE TS, Hk, BBIE RN 0.5, HRIEZE A AR R B0 S5 AT A,
HERNF IR, BOENLIE F RS FHORR SR RS 5 53 IMF R
2 A M ARFAE o 7E 300r/min 3l THL T, BB IEH RS 5 K HHE 5 5 IMF6 .
IMFT (PR R R B 0.5, S GEAH A MRS RS TS , IMF6.IMFT 1 IMF8
B 5 R UG5 5 REBRA M S E SR TE 2 600r/min I, JGEHLIE IR N1 IMF3
M IMFA 550615 5 BIRAACH:, MAESGIRZS T I5RAC IMF 4) 8 W 2
IMF5 F IMF6 .. B3 F 3 4k 22 7 5 2 900r/min, JE AL IE 5 IR N 5RAH < IMF
SrEY R IMF6. IMFT M IMFS, RA T 9RAH K IMF 7y & WA ALE IMFA
MIMFS . R SRR E 1200r/min THUR, BCELIEEARES N H IMFT 1 IMF8
DRFFSRARCNE, TAROPIRA S 9RO IMF 7y EANYERFAE IMFA A1 IMF5 .

3 4-4 FHR BB R
Bk ik R A
r/min RS IMF1 IMF2 IMF3 IMF4 IMF5 IMF6 IMF7 IMF8

IEH 002 006 013 026 046 0.63 0.71

300 5 002 004 009 015 023 051 065 0.66
IEH 004 029 073 0.75
o #5  0.04 007 021 035 070 082
IE% 003 004 005 013 027 059 077 0.62
00 5 006 012 029 074 0.75
1200 IE® 004 005 007 014 024 047 063 081
-

% 006 012 029 061 0.84
FEPRIENLR IS TR T, BEE ST E LRGN, PR AE 55 ha& 1
SRR RO S, RIS SRR AE 5 R (RIS S O R . I LAE T 1200r/min )
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TARIRGSHS, 38 1) AE 15 52 RIS oM™ B, 45 5 KRt
kTR IIPEE . N T I8AE IVYA-VMD J53E7EAS 5 20l 7 o A vk fg, 14 HY
1200r/min JZ47IRAS T FIBGEA AT B 6 505 Va0 05 K 75 RAHE 51T 0. TEARIR
SIS, RN 35000 MU AR N IEREAS, DLERIRREA BT R IR, RE
W70 WS S L . 7235 IVYA-VMD J7iERHE S 3T it i, gt
ZUGEREI, 125 6 YOEANR IR 2] T R/ MVag i, K/ Mg REE N
9.21, BRERE T RMMNSEHAE, BRHSHHAENK, a]=]5128]. FTEX—
BRSHAE, SHE ST T VMD S, AR R 4-3 Fos, AEF ] LUE
Mt E 1, 203 IVYA-VMD J5iE 00 ik fa & MRS 8 2 B AR, AR
RS> BB AT IR B B A RIS . 1X R B IVYA-VMD J7ikRe 47 2%
HoK A5 5 1A FAE RS o B, HERR IR B #8513 05 AR IE (S R, a4k
(T R SR AL T AT S R B S

0.01

| i.
W

i

Amplitude (V)
IMF5  IMF4  IMF3  IMF2  IMF1
S o oh o N o N foanioas
o (=] o P
o o o S ko

0 0.002 0.004 0.006 0008 001 500 1000

Timels o Frequency/kHz

o

K 4-3 1200r/min 5115 AE 155 IVYA-VMD 4 it 45 5%
423 FfEEoHR

FERTABE T, IVYA-VMD 456 AH58 KRB T7 % 2 WS 615 5 40 &
TR B F O AE . it P IRAIEA SOTVERI AT EEE, AN KRR R 4G VMD
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Ui I

wEBRIAEYE (Ivy Algorithm)
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/N (Wavelet Transform)
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